Food products are usually made of nanostructured materials. It is therefore not remarkable that the toolbox that micro and nanotechnologies offer to the food product developer provide new opportunities for product and process innovations in the food sector. Moreover these new technologies offer contributions to the solution of some of the global food related challenges that mankind faces. The opportunities that nanotechnologies offer range from more sustainable food production by replacing inefficient processes with new ones based on the control of the process and functionality at the nano scale, development of nutrient delivery systems that allow fortification of food products with healthy nutrients, novel processes that can produce products that macroscopically are very similar to traditional food products but contain substantially less caloric value, sensors and diagnostic devices that can monitor and ensure the safety of food products throughout the food chain in a cost effective way, and various improved packaging concepts to extend the shelf life of fresh products or signal quality deterioration of the packaged product. But apart from the obvious benefits of applications of nanotechnologies in food, there are also some disadvantages. Possible risks associated with persistent engineered nanomaterials require robust regulation to ensure safe application. Although persistent engineered nanomaterials are only a very small part of all the applications of nanotechnologies in food, the general public has picked up on this and now associates nanotechnology with these risks. Moreover, the general sentiment towards foods that are associated with technologies is not positive. To be able to achieve the benefits that nanotechnologies have to offer, it is imperative that a good communication of applications of nanotechnologies takes place and that consumers can make an informed decision whether or not they would like to have the benefits of certain applications of nanotechnologies, or whether they simply do not accept certain risks, however small, of these technologies in food.
INTRODUCTION
Micro-and especially nanotechnologies are generally regarded as important motors for innovations. These technologies offer new opportunities for many application areas and will lead to innovations in almost every field of human endeavor. These opportunities arrive from the fact that matter behaves differently at very small size scales as compared to macroscopic dimensions. With the advent of scanning probe microscopy, which allowed mankind to visualize structures of nanometer dimensions and the challenges of exploiting the characteristics of bucky balls and carbon nanotubes, research into nanostructures and supramolecular assemblies has shifted into a higher gear. Large investments, both public and private, are being made all over the world to advance our knowledge of nanostructures and our mastering of the nanoworld. These investments lead to results that can be used in a much broader field than initially intended.
Food production and the food industry face large challenges in the fact that the world population will grow for decades to come. In the meantime the welfare of the average world citizen will also increase. Among other problems this will very likely lead to changing food consumption patterns. Usually people start eating more meat. Unfortunately production of meat is very inefficient. The result will be that the planet's food production capacity will reduce and it will become much harder to provide everybody with the high quality food they desire. Parallel to these developments there is a trend that the average lifespan is increasing. People become older and require more medical attention. To avoid that curative healthcare, in which a doctor cures a health problem after it has arisen, will become too expensive for the average industrial society, and a paradigm shift towards preventive healthcare is necessary. Food is an important component in preventive healthcare. Balanced food that contains all the nutrients an individual requires at a certain point in time is essential to maintain his or her health. Micro-and nanotechnologies can be used to face these challenges.
NONOTECHNOLOGY APPLICATIONS

Applications in Food
The applications of micro and nanotechnologies in food are various. The following examples will be discussed to give an idea of developments that are currently taking place in research laboratories. Several overviews of applications of nanotechnologies in food have been published (Moraru et al., 2003; Chaudry et al., 2010; Frewer et al., 2011) .
Sustainable Food Production
Food in essence is a mixture of nanotechnological components with a structural hierarchy all the way up to the macro level. This means that food product engineering must start at the nano level. Controlling structures of foodstuff at the nano level allows engineering of the characteristics at the macro level. An example is control over cross linking of protein fibrils in gels to control texture of the end product.
Meat is a very good example of a complex foodstuff where nanotechnologies can help to make production more sustainable. The traditional way of producing meat, where an animal is used to convert plant proteins to meat, is very inefficient. An animal uses much more plant protein than ends up in the meat. A cow, for instance, used about ten times more plant protein to produce certain amount of animal protein, and in the process also creates a lot of waste. With the growing living standards in China and India it is expected that these populations will change their diets from strongly carbohydrate based to a mix of carbohydrates and (animal) proteins. This will create a high demand for meat. The current system will not be able to produce these quantities of meat. As a result prices will rise and everybody will have to cut back on meat. An alternative would be to create a meat-like food product directly from plant proteins. Meat is however, a very complex material with a structural hierarchy from the macro level all the way down to the nano level. Developing such a product therefore requires control at the nano level and a toolbox that allows one to create the basic structural elements and thus recreate the structural hierarchy up from the nano level. Ongoing research at Wageningen University has shown that such an approach could be successful (Manski et al., 2007) . Such an approach would strongly increase the sustainability of meat production.
Healthy Food
If everybody had a varied diet based on 200 g of vegetables and two pieces of fruit a day, health problems related to food and eating would not be so abundant. Unfortunately many people do not eat that sensibly. As a result, the food industry looks for ways to create products that contain certain nutrients and to help the consumer to maintain his or her health. Unfortunately these nutrients usually cannot simply be added to a food product. They sometimes spoil the taste of the product because of their own strong taste; they often are vulnerable to conditions needed in certain processing steps required to prepare the food; certain nutrients cannot be combined with others because they would react with each other and would destroy the beneficial effects; and, in many cases bioavailability of nutrients needs to be improved to make them more effective. Nanotechnology can contribute to the solution of these problems (Chen et al., 2006) . Nature has shown us that certain molecules spontaneously can form superstructures like membranes, micelles and vesicles. By utilizing the effect of hydrophilicity and hydrophobicity of molecules like phospholipids and using nanotechnologies to fine tune self assembly of these molecules into structures with the desired functionality, highly effective delivery systems can be designed. These encapsulation systems, that are adopted from the pharmaceutical industry can protect, mask and/or deliver specific nutrients to those parts of the digestive tract where they have maximum effect. In this way bio-availability of these nutrients is substantially enhanced and the health benefits more easily attainable while adverse effects like taste modification are overcome .
Obesity
The digestive tract and related processes of man have been optimized by nature to cope with situations that negatively influenced chances for survival and reproduction in prehistoric times. Usually these were scarcity of food and/or certain nutrients. This means that our bodies are not only highly effective in extracting energy from our food, but we also have systems to store excess energy for times in which energy rich foods are not available. Unfortunately in modern times, where energy rich food is abundant and always available, and the effort required to access it is negligible, these systems cause obesity. To reduce the energy content of food products, processes are being developed that result in virtually that same characteristics for the end product, but with much less energy intake.
Emulsions are widely used in food products. Mayonnaise, for instance, is an emulsion of oil droplets in water, stabilized by surface active molecules. Droplets create in the mouth the feel of mayonnaise while other ingredients create the appealing taste. Since only the outside of oil droplets is instrumental in creating texture, the inside, which obviously contains the bulk of the oil (and the energy) could be replaced by a less caloric material like water or air. Because of the control at the micro and nano level that has been achieved, it is now possible to create a double emulsion of oil droplets that have a core of water again, thus reducing the energy content substantially (Rijn, 2004) .
Not only does this reduce energy content of the end product, membrane and microfluidic emulsification also require much less energy input than traditional emulsification processes and produce very monodisperse end products that are more stable than the traditional one (Mittal and Kumar, 1999; Joscelyne and Trägårdh, 2000) .
Sensors and Diagnostics
Never in history has our food been as safe at it is now. Unfortunately, according to a World Health Organisation (WHO) study (WHO 2002) , in 1998 1.8 million children in developing countries died from food or water related diarrhoeal diseases and even in industrialized countries it is estimated that one person in three may be affected by foodborne illnesses each year. In the US alone there are 76 million cases of foodborne illnesses each year resulting in 325,000 hospitalizations and 5,000 deaths. It looks as if there is room for improvement regarding food safety and more generally food quality assurance. Nanotechnologies in combination with microtechnology, for sample pretreatment, will offer instruments that can measure contamination of foodstuff or the presence of pathogens faster, more accurately and more specifically (Fonseca et al., 2007) . By looking for specific DNA sequences it is already possible to detect the presence of certain micro-organisms that threaten safety of the food product (Noguera et al., 2011) . These technologies will make food safety monitoring cheap, fast, accurate, reliable and easy to use, even by untrained personnel.
Applications of nanotechnology like these will enable quality assurance in the food industry to move from the laboratory to the production line and that quality can be monitored more frequently throughout the food chain. Eventually these types of sensing and diagnostic devices could even be incorporated into packaging material to monitor specific substances that signal quality deterioration in the head space of food products. \
Packaging
The last application of nanotechnologies in food industry described here indicates improvements that can be achieved in packaging (Kampers, 2011) . One of the first applications of nanotechnologies in food were nanocomposites, in which nanosized clay platelets are included in the polymer matrix to improve specific properties such as gas permeability (Paul and Robeson, 2008) . Early such nanotechnology based innovations can in principle allow oxygen sensitive products like beer to be bottled in intrinsically oxygen leakproof PET (polyethylene terephthalate) bottles. Although considered a nanotechnology application the clay platelets are hardly a very sophisticated application of the novel properties of nanomaterials. More interesting applications include nanoparticles of silver in the polymer matrix or coatings that reduce the microbial pressure on the food product inside (Cha and Chinnan, 2004) , and special indicators that utilize nanotechnology to detect oxygen leakage in modified atmosphere that will result in quality deterioration (Mills and McGrady, 2008) . Other indicators can provide information on quality of the packaged product by detecting spoilage processes or ripeness of packaged fruits. Combined with printable RFID (Radio-frequency identification) electronics (also a product of nanotechnologies) sensors can provide direct information on quality of the product and the remaining shelf life.
These applications directly benefit consumers. They will receive better quality foods that will help them maintain their health longer. Sustainability of the food industry will increase. New food products will come to the market that will appeal to specific target groups and convenience foods will become more healthy.
DISCUSSION
The possibilities of nanotechnologies in food are much more extensive than depicted here. Apart from additional research necessary to achieve the full potential of the applications described above, there are several challenges that have the potential to fundamentally change food production and food products. Humans are extremely complex organisms and the interaction between food and body is only poorly understood. With sciences like genomics, proteomics, metabolomics and nutrigenomics, system biologists are beginning to understand better what is going on in the interaction with food. Convergence of these biological sciences with nanotechnology offers opportunities to fine tune nutritional content of food to the actual demands of the body at that time or to avoid substances that could trigger over reaction of the immune system (food allergy).
Unfortunately history with genetically modified organisms (GMO) in food has shown that consumer acceptance is certainly not obvious or easy to obtain. The general public prefers natural and traditional food and objects to artificial additives. Moreover, it has become clear that nanoparticles can effect biological systems and the long term effects of these particles is yet largely unknown. It will have become clear that applications of nanotechnologies to food in most cases do not result in nanoparticles being eaten but in implementations in which the nanotechnologies stays out of the food. And in those cases where nanotechnology ends up in the food it entails modifications of nanostructures that were already in food or that are easily biodegradable. Food scientists have an obligation however, to maintain a very high level of safety and must make sure that applications of nanotechnologies do not have any negative effect on consumers. Hazards of nanotechnology in foods are associated only with persistent nanoparticles. They not only are small enough to cross certain barriers, get into the blood circulation and get to tissue where they are not meant to go, because of their persistent nature, but they also have time to invoke a tissue reaction that, in time could result in negative health effects. Regulation of applications of nanotechnology therefore should focus on the socalled persistent engineered nanomaterials. Not only is it possible to define them in a way that regulation can be based on the definition, they also can be detected in foodstuffs, making enforcement of the regulation possible.
To increase consumer acceptance of nanotechnology in food it is important to communicate the benefits and the possible risks of the product objectively and to allow consumers a choice. This means that, probably for the time being, products that contain manmade nanotechnological components should be labeled as such. To create a level playing field for the industry this labeling should be regulated.
